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Abstract 


The properties of three PZT-based piezoelectric ceramics and one PLZT electrostrictive ceramic were 
measured as a function of temperature. In this work, the dielectric, ferroelectric polarization versus 
electric field, and piezoelectric properties ofPZT-4, PZT-5A, PZT-5H, and PLZT-9/65/35 were measured 
over a temperature range of -150 to 25CTC . In addition to these measurements, the relative thermal 
expansion of each composition was measured from 25 to 600° C, and the modulus of rupture of each 
material was measured at room temperature. This report describes the experimental results and 
compares and contrasts the properties of these materials with respect to their applicability to intelligent 
aerospace systems. 
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Introduction 


The term piezoelectricity refers to the relationship between pressure and electricity that exists within a 
unique family of materials. Piezoelectrics are materials that either output a voltage when subjected to a 
mechanical stress or exhibit a dimensional change when an electric field is applied. These two behaviors 
are referred to as the direct and indirect modes of operation respectively [1-2]. Both modes of 
piezoelectric operation are currently being utilized in modem aerospace systems in such diverse 
applications as vibration cancellation and optical positioning [3-5]. Because these materials have the 
ability to sense and respond to changes in their environment, they are often referred to as “smart” or 
“intelligent” materials [6]. 


The primary applications of piezoelectric technologies in fixed-wing aircraft include the active control 
of boundary layers along leading edges [7], the suppression of internal cabin noise [8], and the 
elimination of panel flutter [9] and tail buffeting [10]. This technology is also being applied in 
helicopters to eliminate the vibrations present in rotor blades [11-13]. 

In addition to the aeronautical applications of intelligent stmctures, piezoelectric technologies are also 
being developed for use in spacecraft systems. In recent years, satellite systems have become smaller and 
lighter to reduce the cost of launching the payloads into orbit. As spacecraft masses have been reduced, 
however, the elimination of vibrational disturbances has become a critical design issue. Since many of 
the scientific instruments aboard these spacecraft require precision pointing to perform their intended 
functions, the spacecraft must be mechanically stable for the payloads to function as designed. As such, 
methods of incorporating intelligent structures to minimize jitter in spacecraft structures has become a 
critical area of research and development in the aerospace community [14-15]. 

Piezoelectric materials are typically incorporated into aerospace structures by either applying a patch- 
style device to the surface of the structure [16-17] or by embedding the device into a graphite-epoxy 
composite structure [18-20]. In each instance, distributed networks of sensors and actuators are used to 
sense and nullify vibrational disturbances. Similarly-controlled systems are also being developed for use 
in space-based instruments to actively position optical components [21]. These control systems typically 
include a position sensor that locates the optical component and a piezoelectric drive mechanism which 
positions the optic based on real-time feedback from the position sensor. 

Because of the wide range of operating conditions for the systems under development, careful 
consideration must be given to the selection of piezoelectric materials. This is particularly important 


1 



when selecting materials for use in systems that will be exposed to a wide range of operating 
temperatures. To address these concerns, the dielectric, ferroelectric, and electro-mechanical properties 
of four PZT-based materials were evaluated over a temperature range of -150 to 250°C. Additionally the 
thermal expansion properties were measured from 25 to 600°C, and the moduli of rupture were measured 
at room temperature. This report describes the experimental results and compares and contrasts the 
properties of the materials evaluated with respect to their applicability to intelligent aerospace systems. 


Experimental Procedure 

Materials Evaluated 


The properties of three piezoelectric materials and one electrostrictive composition were measured 
between -150 and 250°C. The piezoelectric materials evaluated in this work were commercially- 
produced PZT-4, PZT-5A, and PZT-5H ceramics. The electrostrictive materials, PLZT-9/65/35, were 
produced by tape casting powders synthesized by the solid state reaction of PbO, La 2 0 3 , ZrO z , and TiO 
All of the ceramics used in this study were obtained in an unelectroded and unpoled condition and 
possessed density values that were at least 95% of theoretical density. Prior to testing, gold electrodes 
were sputtered onto the major surfaces of each specimen. 

Initially, the room temperature (25°C) dielectric, ferroelectric, and piezoelectric properties of each 
composition were determined. Once the initial room temperature evaluations were complete, the 
properties of each composition were then measured between -150 and 250°C. The specific details of each 
measurement are described below. 

During the thermal tests, each specimen was placed in an environmental chamber with a temperature 
sensor located in close proximity to the test article. Throughout this investigation, multiple specimens of 
each composition were tested at each condition, and the average value of each property was determined. 

Dielectric and Ferroelectric Measurements 

The dielectric constant (K), dissipation factor (tan 8), and electrical resistivity of each composition 
were measured at frequencies of 100 Hz, 1 kHz, 10 kHz, and 100 kHz using an HP 4284A LCR meter. 
From this data, the Curie point (T c ) of each specimen exhibiting a maximum dielectric constant between - 
150 and 250 C was determined. 

Next, the ferroelectric polarization versus electric field (P-E) properties of each composition were 
measured at 1 Hz using a Sawyer-Tower circuit. The P-E properties of the soft piezoelectric materials 
(i.e., PZT-5A and PZT-5H), as well as the electrostrictive specimens, were measured in an unpoled 
condition. However, because the hard piezoelectric ceramics (i.e., PZT-4) are not initially polarizable at 
room temperature, these specimens were poled at 100°C prior to testing. The properties of these 
materials were tested in the polarized state in order to accurately simulate the polarization state of the 
materials as they would be used in practice. 
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Piezoelectric Measurements 


The piezoelectric coefficients of each composition were measured in accordance with published 
standards [22-23]. The various specimen geometries and electrode patterns necessary for determining the 
piezoelectric coefficients for radial, transverse, and longitudinal modes of operation are shown in Figure 
1* The circ ular ceramics used in this work were 25.4 mm in diameter and 250 to 380 |Lim thick. The 
rectangular specimens had dimensions 2 mm x 2 mm x 7.5 mm. 



Figure 1. Specimen geometries and polarization directions associated with the measurement of radial, transverse, 

and longitudinal piezoelectric properties. 

The resonance properties of the poled piezoelectric specimens were measured using an HP 4 194 A 
Impedance Analyzer. The effective electromechanical coupling coefficient, k ff , of the radial test 
specimens was then calculated using the resonance/antiresonance method described by the relation [23]: 


k 


eff 



( 1 ) 


where/ m and f refer to the frequencies of minimum and maximum impedance, respectively. In addition to 
keff values, the planar coupling coefficient, k p , for each composition was determined using the 
procedures described in references 22 and 23. 

The piezoelectric coefficients for the transverse (k 31 , d 3I , and g 31 ) and longitudinal (k*, d 33 , and g 33 ) 
modes of operation were determined by measuring the resonance properties of the thickness-poled and 
length-poled ceramics, respectively. The coefficients describing the transverse mode of operation were 
calculated using the following relations: 
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The coefficients for the longitudinal mode of operation were calculated using the relations: 
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All of the symbols used in equations 1-11 are defined in Table 1. 
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Table 1. Definition of symbols used in the determination of piezoelectric coefficients. 


Symbol 

Definition 

Units 

d 31 

Transverse strain constant 

m/V 

d 33 

Extensional strain constant 

m/V 

D (superscript) 

At constant electric displacement 


E (superscript) 

At constant electric field 


L 

Frequency of minimum impedance 

Hz 

f 

Frequency of maximum impedance 

Hz 

§31 

Transverse voltage constant 

Vm/N 

§33 

Extensional voltage constant 

Vm/N 

K 

Transverse coupling coefficient 


^33 

Extensional coupling coefficient 


K;ff 

Effective electro-mechanical coupling coefficient 


k 

p 

Planar coupling coefficient 


K, 

Dielectric constant 


/ 

Specimen length 

m 

S„,S, 3 

Elastic compliance constants 

m 2 /N 


Permittivity of free space, 8.85 x 10' 12 

F/m 

P 

Density 

kg/m 3 
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Thermal Expansion Measurements 


The thermal expansion properties of unelectroded, unpoled specimens with dimensions 25 mm x 4 
mm x 3 mm were measured from 25 to 600°C using a Linseis model L75 dilatometer. All of these tests 
were performed in an argon atmosphere using a heating rate of 2°C/min. Once the measurements were 
complete, the relative change in length, Al/1 0 , for each material was calculated. 

Mechanical Testing 


The flexural strength of each composition was measured at room temperature using a four-point bend 
test. In this work, unelectroded and unpoled ceramics with dimensions of 38 mm x 6 mm x 4 mm were 
tested to failure. All of the mechanical testing was performed using a load rate of 0.25 mm/min and inner 
and outer span lengths of 1 7 and 34 mm, respectively. Once all of the tests were complete, the Modulus 
of Rupture (MOR) of each specimen was calculated using the relation [24]: 


MOR = 


3P(L- fl ) 
2 bd 2 


( 12 ) 


where P is the mechanical load required to break the specimen, L is the outer span distance, a is the inner 
span distance, b is the width of the bar, and d is the depth of the bar. Between five and ten specimens of 
each composition were tested, and an average MOR value was calculated for each composition. 


Experimental Results 

Room Temperature Properties 


As shown in Table 2, all of the materials evaluated in this work possessed room-temperature dielectric 
constants ranging from 1 100 to 5000. Additionally, each of the piezoelectric compositions exhibited E c 
and P R values in excess of 5.5 kV/cm and 12.9 juC/cm 2 , whereas the electrostrictive possessed E and P 
values of 2.5 kV/cm and 1.1 pC/cm 2 , respectively. 

After the initial dielectric and ferroelectric measurements were performed, additional materials of each 
composition were poled and tested. The piezoelectric specimens exhibited k eff values ranging from 0.49 
to 0.53, with the highest values exhibited by the PZT-5H ceramics. The PZT-5H ceramics also exhibited 
the highest d 31 and d 33 values followed by the PZT-5A and PZT-4 compositions, respectively. Because of 
the cubic nature of the PLZT-9/65/35 crystal structure, these materials do not exhibit strong resonance 
properties, and therefore, the calculation of piezoelectric coefficients for these materials yields negligible 
values. 
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Table 2. Room temperature (25°C) dielectric, ferroelectric, and piezoelectric properties of PZT-based ceramics. 


Property 

Units 

PZT-4 

PZT-5A 

PZT-5H 

PLZT-9/65/35 

K (1 kHz) 

... 

1400 

1600 

3400 

5000 

tan 8 (1kHz) 

— 

0.05 

0.02 

0.02 

0.06 

E c 

kV/cm 

14.4 

11.8 

5.5 

2.5 

Pr 

pC/cm 2 

31.0 

23.0 

12.9 

1.1 

P 

A SAT 

jiC/cm 2 

40.1 

27.7 

19.5 

20.8 

\r 

eff 

— 

0.49 

0.50 

0.53 


k P 

... 

0.54 

0.56 

0.59 

— 

d„(xl0 ,! ) 

m/V 

225 

350 

585 


g 33 (xl0 3 ) 

Vm/N 

8.5 

16.6 

12.5 


k 33 

— 

0.35 

0.53 

0.59 

— 

d„(xl0 12 ) 

m/V 

-85 

-190 

-265 


g 31 (xl0 3 ) 

Vm/N 

-7.5 

-13.7 

-8.5 


K 

... 

0.22 

0.40 

0.36 

— 

Density 

g/cm 3 

7.6 

7.7 

7.4 

7.3 


Dielectric and Resistive Properties 

As shown in Figure 2, all of the materials evaluated in this work exhibited their lowest dielectric 
constant values at -150°C, and as the temperature was increased the dielectric constant of each 
composition also increased. The dielectric constants of the PZT-4 and PZT-5A ceramics increased 
steadily as a function of temperature with neither possessing a Curie point in the temperature range 
evaluated in this study. The other two materials evaluated, PZT-5H and PLZT-9/65/35, exhibited Curie 
points within the -150 to 250°C range. The PZT-5H ceramics possessed a T value of 180°C at each 
frequency, whereas the PLZT-9/65/35 materials exhibited T properties typical of a relaxor ferroelectric 
(i.e., varying with frequency). In this instance, the temperature at which the maximum dielectric constant 

was observed increased from 72 to 91°C as the measurement frequency increased from 100 Hz to 100 
kHz. 


The dissipation factors for each material were also found to be dependent upon both the temperature 
and measurement frequency. As shown in Figure 3, the tan 5 values for PZT-4 were approximately 0 05 
over the entire temperature range when measured at 10 and 100 kHz. At 100 Hz and 1 kHz, however, the 
dissipation factor began to increase at 125 and 150°C, respectively. The tan 8 values for PZT-5A were 
also found to be relatively constant when measured at frequencies of 100 Hz, 1 kHz, and 10 kHz. 
However, at 100 kHz the dielectric loss was significantly higher over the entire temperature range. 

Unlike the previous two materials discussed, the PZT-5H and PLZT-9/65/35 ceramics exhibited 
maximum tan 8 values at each measurement frequency which correspond to their respective Curie points. 
In both instances, the dissipation factors were found to increase with increasing measurement frequency 
as seen in Figures 3 (c) and 3 (d). 
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Figure 3. Dissipation factor (tan 5) versus temperature data for (a) PZT-4, (b) PZT-5A, PZT-5H, and (d) PLZT 

9/65/35. 







As shown in Figure 4, the resistivity of the PZT-4 ceramics remained relatively constant between -150 
and 50°C. However, as the temperature was further increased the resistivity was found to decrease 
significantly. For example, the resistivity measured at 100 Hz decreased from 10 9 Q-cm at 50°C to less 
than 10 Q-cm at 250°C. The PZT-5A ceramics were also found to possess a resistivity on the order of 
10 9 Q-cm at -150°C when measured at 100 Hz. Although the resistivity of the PZT-5A specimens was 
found to decrease with increasing temperature, these materials did not exhibit the sharp decrease in 
resistivity exhibited by the PZT-4 ceramics as the measurement temperature exceeded 50°C. 


The resistivity of the PZT-5H materials was also found to decrease with increasing temperature. In 
this instance, however, the resistance reached a minimum value at the Curie point and increased as the 
test specimen was heated to 250°C. A resistance minimum corresponding to the Curie temperature was 
also observed for the PLZT-9/65/35 ceramics. As previously noted, this material is a relaxor ferroelectric 
and therefore the temperature of minimum resistance was found to increase from 72 to 91°C as the 
measurement frequency increased from 100 Hz to 100 kHz. 




Ferroelectric Polarization versus Electric Field Properties 

As shown in Figures 5 (a) to 5 (c), all of the piezoelectric ceramics evaluated in this work possessed 
maximum remanent polarization values between 0 and 50°C, indicating that the highest induced 
polarization states occur near room temperature. For each composition tested, the P R values were lowest 
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at -150 C and increased until a maximum value was reached. As the temperature was further increased 
beyond the temperature at which the maximum value was observed, the P R values of each composition 
decreased steadily over the balance of the temperature range. 

As previously mentioned, the resistivity of the PZT-4 materials decreased as the materials were heated 
beyond 50°C. Because of this decrease in resistance, calculation of the P R values at temperatures above 
120 C indicates an increase that is due to the conductive nature of these materials at high temperatures. 
The increase in the P R and P SAT values above 120°C is illustrated in Figure 5 (a). As the temperature was 
further increased, the application of high electric fields ultimately led to the breakdown of these 
specimens. Therefore, P-E data for this material was not collected above 160°C. 

Unlike the PZT-4 specimens, the PZT-5A ceramics were polarizable over the entire temperature 
range. As shown in Figure 5 (b), the P R values for this composition increased from 2 pC/cm 2 at -150°C to 

a maximum value of 25 fiC/cm 2 at 25°C. As the temperature was further increased to 250°C, the P values 
decreased to 20 pC/cm 2 . R 

As shown in Figures 5 (c) and 5 (d), the P R values for both PZT-5H and PLZT-9/65/35 reached 
maximum values near 25 C and then decreased steadily with increasing temperature until the material no 
onger exhibited a ferroelectric hysteresis. Each of these latter compositions exhibited paraelectric P-E 
behaviors at each measurement temperature above their respective T c values. 


The coercive field values for each composition were also found to exhibit a maximum value and then 
decrease with increasing temperature. As seen in Figures 5 (a) to 5 (d), the maximum coercive field 
values were found to occur between -100 and -50°C. As was noted in the P R behaviors, the E c values for 
the PZT-5H and PLZT-9/65/35 materials decreased to zero at their respective Curie points, indicating that 
the ferroelectric domains are not spontaneously reversible and that a remanent polarization state can not 
be induced above that temperature. 



Figure 5. Coercive field (E c ), remanent polarization (P R ), and saturation polarization (P SAT ) versus temperature 
properties of (a) PZT-4, (b) PZT-5A, (c ) PZT-5H, and (d) PLZT-9/65/35. 


11 






Temperature (°C) 



-200 -150 -100 -50 0 50 100 150 200 250 300 

Temperature (°C) 

Figure 5 (continued). Coercive field (E c ), remanent polarization (P R ), and saturation polarization (P SAT ) versus 
temperature properties of (a) PZT-4, (b) PZT-5A, (c ) PZT-5H, and (d) PLZT-9/65/35. 
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In addition to the graphs summarizing the ferroelectric hysteresis properties of each composition from 
-150 to 250 C, typical examples of the P-E behaviors of each composition at -150, -75, 0, 25, 100, and 
250 C are shown in Figures 6 to 9. As previously discussed, each composition exhibits a very low 
polarization of -150°C, and as the temperature increases, the hysteresis loops of the three piezoelectric 
compositions exhibit typical square (PZT-4 and PZT-5A) or rounded (PZT-5H) ferroelectric hysteresis 
behavior near room temperature. 

As shown in Figures 6 (a) and 6 (b), the PZT-4 ceramics exhibited somewhat asymmetric hysteresis 
behavior below -50 C. However, all of the P-E loops collected above this temperature were symmetric 
about each axis. Symmetric hysteresis loops were obtained at every temperature for the soft piezoelectric 
ceramics evaluated herein. 

The PLZT-9/65/35 ceramics also exhibited low polarization properties at -150°C. However, as 
previously observed in Figure 5 (d), the maximum E c and P SAT values for this composition were obtained 
near -50 C. At this temperature, these materials exhibit a P-E behavior that is very similar to those of the 
piezoelectric ceramics near room temperature. As these specimens were further heated to 25°C, the 
remanent polarization and coercive field values decreased significantly, and a slim-loop ferroelectric 
behavior was observed at room temperature (see Figure 9 (d)). 
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Piezoelectric Properties 


As previously mentioned, the PZT-5H ceramics exhibited the highest piezoelectric properties (i.e., k cff , 
K’ l d 3 i | » and dj at room temperature, followed by the PZT-5A and PZT-4 materials, respectively. When 
cooled to -150 C, the k eff and k p values of each composition remained relatively constant. The |d 31 | and 
d 33 values for PZT-4 also remained relatively stable over this temperature range. The d constants for the 
PZT-5A and PZT-5H ceramics, however, decreased to approximately 50% of their room temperature 
values when cooled to -150°C. 

When heated to 250°C, the electro-mechanical coupling coefficients of PZT-4 and PZT-5A decreased 
from their room temperature values, whereas the d constants for these materials increased over this 
temperature interval. The properties of the PZT-5H specimens exhibited similar trends when heated 
above room temperature. However, in this instance the specimens no longer exhibited measurable 
resonances above 170 C, thereby indicating that the specimens had been thermally de-poled. 

As shown in Figure 10 (a), each of the piezoelectric compositions possessed a k eff value ranging from 
0.45 and 0.55 between -150 and 150 C. Above 150°C, the k eff value of each composition began to 
decrease, with the PZT-5H ceramics becoming completely de-poled at 170°C. The PZT-4 and PZT-5A 
specimens both exhibited minimum k eff values at 250°C. In this work, minimum k e(r values of 0.38 and 
0.44 were obtained at 250°C for the PZT-4 and PZT-5A ceramics, respectively. 

Similar trends were also observed in the measured k p values. As seen in Figure 10 (b), the k values of 
each composition were between 0.5 and 0.6 over the -150 to 150°C temperature interval. Furthermore, 
the k p values of the PZT-4 and PZT-5A ceramics decreased to minimum values of 0.40 and 0.48 at 250°C. 
Likewise, above 150°C, the k p values for the PZT-5H ceramics decreased sharply to zero near 170°C. 

As shown in Figures 11 (a) and (b), each composition exhibited its minimum |d 31 | and d 33 values at - 
150 C. At -150 C, the d constants of the PZT-4 ceramics decreased less than 10% from their room 
temperature values whereas the properties of the PZT-5A and PZT-5H compositions declined by 
approximately 50% over the same temperature interval. Although PZT-4 ceramics exhibited the most 
stable performance between -150 to 25°C, the d 33 values for this composition are significantly lower than 
those of the other two piezoelectric materials near room temperature. 

When the materials were heated from 25 to 250°C, the d 33 values of the PZT-4 and PZT-5A ceramics 
increased continuously to their maximum values whereas the properties of the PZT-5H ceramics were 
more strongly dependent upon the measurement temperature. Specifically, the PZT-4 and PZT-5A 
ceramics exhibited maximum values of 360 x 10 12 and 440 x 10 12 m/V at 250°C whereas the PZT-5H 
specimens possessed d 33 values on the order of 900 x 10 12 m/V before being thermally de-poled at 
approximately 170°C. 
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Figure 10. Typical (a) effective electro-mechanical coupling coefficient (k eff ) and (b) planar coupling coefficient (k ) 
versus temperature behavior of PZT-4, PZT-5A, and PZT-5H ceramics P 










Thermal Expansion 


As shown in Figure 12, all of the piezoelectric specimens evaluated in this study showed some 
evidence of a phase transformation between 25 and 600“C. The PZT-4 specimen exhibited a change in 
the rate of expansion at approximately 310°C, whereas the PZT-5A and PZT-5H ceramics exhibited 
similar changes at 350 and 170°C respectively. 

For the PZT-5H material, the temperature at which the rate of expansion changes correlates strongly 
with the T c value of this composition. Although dielectric constant data was not obtained at temperatures 
greater than 250°C for the PZT-4 and PZT-5A ceramics, the thermal expansion data shown in Figure 12 
provides a strong indication of the Curie points of these materials. 


The PLZT-9/65/35 ceramics exhibited the largest thermal expansion of the materials tested. In this 
case, a change in the rate of thermal expansion was observed at approximately 275°C. This result 
suggests that a phase transformation other than the one indicated by the dielectric constant measurements 
takes place at this temperature. 



Figure 12. Relative change in length (Al/l o ) versus temperature behavior of PZT-4, PZT-5A, PZT-5H, and PLZT- 

9/65/35 ceramics. 


Mechanical Testing 

Each test specimen fractured at a point between the inner two positions through which the mechanical 
load was applied. As shown in Table 3, the PZT-4 ceramics possessed the highest average MOR value 
followed by the PZT-5A, PLZT-9/65/35, and PZT-5H compositions, respectively. All of the specimens 
tested m this work exhibited a MOR value that was within 10% of the average value for that composition. 


21 



Table 3. Modulus of Rupture (MOR) data for PZT-based ceramics. 


Composition 

Average MOR (MPa) 

PZT-4 

95.2 

PZT-5A 

81.8 

PZT-5H 

61.5 

PLZT-9/65/35 

69.3 

Discussion 


All of the materials evaluated in this investigation were found to possess properties that are suitable 
for use in aircraft and spacecraft systems. The selection of candidate materials for use in these systems is, 
however, strongly dependent upon the operational conditions under which the device will be employed! 
This is particularly important when selecting materials for low temperature (i.e < -50°C) or high 
temperature (i.e., >150°C) applications. 

Of the materials evaluated in this work, the PZT-5H ceramics were found to possess the highest Id I 
and d 33 coefficients at 25 C, followed by the PZT-5A and PZT-4 compositions, respectively. Although 
the PZT-5H ceramics exhibit the highest room temperature piezoelectric properties, this composition has 
a T c value of 170°C which can be a limiting factor in applying this material in systems such as jet engines 
that could expose the actuator to temperatures above its Curie point. 

Alternatively, both the PZT-4 and PZT-5A ceramics possess T values in excess of 300°C. The higher 
Curie temperatures of these materials make them more appropriate selections for higher-temperature 
applications. Although both of these compositions possess relatively high T c values, the resistivity of 
PZT-4 decreases significantly above 120°C and it may, therefore, not be an attractive alternative for use 
above 100 C under high electric-field conditions. Near room temperature, however, PZT-4 has many 
useful characteristics, the most important of which is the retention of its polarization state over time when 
activated continuously using a large electric field [1]. 

The selection of actuator materials for low-temperature applications also requires careful 
consideration. In this work, the |d 31 | and d 33 values of PZT-4 decreased less than 10% when cooled from 
room temperature to -150°C. Conversely, the d constants of both PZT-5A and PZT-5H decreased by 
approximately 50% when cooled over the same temperature interval. The relative stability of the 
properties of the PZT-4 ceramics between -150 and 25°C suggests that this material is a good candidate 
for some cryogenic applications. However, additional testing should be performed before this material is 
selected for use at temperatures below -150°C. 

In addition to the temperature dependency of the piezoelectric properties, the dielectric constants of 
these materials must also be considered when evaluating candidate materials. In many aerospace 
systems, the power required to operate a device is a critical design issue. As shown below, the power 
consumed during the sinusoidal operation of a piezoelectric actuator is directly proportional to the 
capacitance of the device by the relation [25]: 


where P is the power consumed (Watts), C is the capacitance of the actuator (Farads), f is the operational 
frequency (Hertz), and U is the peak-to-peak operational voltage (V p p ). Thus, the selection of a material 
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with good piezoelectric properties must be weighed against the power consumed by the device to ensure 
that the power budget for the complete system is maintained. 

The design of an optical positioning device for a space-based spectrometer system is a typical example 
of such a design trade-off. In a report by Wise et al. [26], the power consumed by similarly-sized PZT- 
5A and PZT-5H high-displacement RAINBOW actuator stacks was compared. In that study, PZT-5A 
stacks were found to meet the system’s performance specifications while consuming 0.7 Watts of power 
whereas the PZT-5H stacks required 1.8 Watts of continuous power when operated at 1 Hz. As shown in 
Equation 13, the influence of the piezoelectric composition selected would become more pronounced if 

the actuator were required to operate at higher frequencies than those used in the system described in that 
study. 


Over the course of this investigation, the properties of four PZT-based ceramics were evaluated 
between -150 to 250°C, and the temperature-dependent properties of these materials were related to 
existing aerospace applications of these materials. In addition to the four compositions evaluated herein, 
several other piezoelectric and electrostrictive compositions also exist which may possess properties that 
are more appropriate for a given set of design parameters. As such, the initial selection of candidate 
materials should not be limited only to those evaluated herein. 


Conclusions 


The dielectric, ferroelectric, and piezoelectric properties of three piezoelectric ceramics (PZT-4, PZT- 
5A, and PZT-5H) and one electrostrictive ceramic (PLZT-9/65/35) were measured over a temperature 
range of -150 to 250 C. Additionally, the thermal expansion characteristics of each composition were 
measured from 25 to 600°C, and the moduli of rupture were measured at 25°C. As the materials were 
heated above room temperature, PLZT-9/65/35 and PZT-5H were found to possess T c values of 71 and 
170 C, respectively. Neither the PZT-4 nor the PZT-5A ceramics exhibited a dielectric constant maxima 
below 250 C. Thermal expansion data indicate that these materials undergo phase transformations at 310 
and 350°C, respectively. 


All of the ceramic materials evaluated exhibited their maximum P R values between 0 and 50°C. When 
cooled to -150°C, however, the polarization properties decreased to approximately 10% of the room 
temperature value for each composition. When heated above room temperature, the PLZT-9/65/35 and 
PZT-5H ceramics exhibited paraelectric P-E behaviors above their respective Curie points. The P-E 
behavior of the PZT-4 ceramics was influenced by the conductive nature of this composition above 
120 C, whereas the PZT-5A ceramics exhibited square ferroelectric hysteresis loops, albeit with 
decreased E c values, up to 250°C. 


The PZT-5H ceramics exhibited the largest piezoelectric coefficients at room temperature, followed 
by the PZT-5A and PZT-4 compositions, respectively. When cooled to -150°C, the piezoelectric 
properties of the PZT-4 ceramics were found to remain relatively stable whereas the performance of the 
PZT-5A and PZT-5H materials decreased by approximately 50%. Conversely, when heated to 250°C, the 
PZT-5A ceramics possessed the largest piezoelectric properties. The PZT-4 specimens also exhibited 
strong piezoelectric resonances above room temperature. PZT-5H exhibited the largest piezoelectric 
properties up to its Curie point (170°C). Above this temperature, however, no resonances were observed, 
thus indicating that the specimens had been thermally de-poled. 

All four of the materials evaluated in this study possess properties that are suitable for use in some 
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aerospace applications. These findings indicate, however, that careful consideration must be made in 
order to select optimum materials for a given set of operational conditions. This is particularly evident 
when choosing materials for either low-temperature (i.e., < -50°C) or high-temperature (i.e., >150°C) 

applications where the properties of the various materials deviate significantly from their room 
temperature behaviors. 
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